Abstract
INTRODUCTION
During the last decade, the frozen elephant trunk (FET) technique was successfully introduced into the clinical practice of treating patients with extensive pathology of the thoracic aorta involving the arch and the descending/thoraco-abdominal aorta [1] [2] [3] [4] . Several clinical studies have reported an increased incidence of spinal cord injury using FET compared with the conventional elephant trunk technique (cET) [5] . The purpose of the present study, therefore, was to evaluate the impact of cET and FET on spinal cord blood flow (SCBF) in an acute pig model. The objectives of this study were to analyse: (i) SCBF after aortic arch surgery following application of the cET and FET techniques in the acute pig model; (ii) regional SCBF in cervical, thoracic and lumbar section prior, during, and after the surgical intervention; and (iii) the regional ischaemic damage, hypoxia-induced effects and apoptosis in spinal cord segments.
MATERIALS AND METHODS
All experiments were performed in accordance with the ethical rules published in the Guide for the Care and Use of Laboratory Animals (US National Institute of Health) (NIH Publication No. 88-23, revised 1996) and the German laws for animal welfare, granted by the University of Leipzig ethical authorities. The Leipzig University Ethical Committee approved the protocols for all experiments (Reg. no: TVV 53/15).
Animal model
Healthy pigs (German Saddle Breed x Pietrain) of both sexes, about 20-24 weeks old, with a mean body mass of 84.4 kg (range 72-97 kg) were randomized to one of the 2 study groups: (i) aortic arch surgery with FET implantation (n = 8) or (ii) aortic arch surgery with cET (n = 8). Animal surgery for cET and FET was comparable to standard human operation protocol [6] . The E-vita Open hybrid stent graft (Jotec, Hechingen, Germany) was applied in all FET animals. The body core temperature was 28 C, and the length of circulatory arrest was 60 min. The antegrade selective cerebral protection (ASCP) was used in all animals. Two healthy animals, anaesthetized but not thoractomized, were used as controls for histological investigation of the spinal cord (Fig. 1) . Measurements of haemodynamic data, metabolic determination and SCBF were performed before, during and 3 times after weaning from cardiopulmonary bypass (CPB). After the animals were killed the spinal cord was expanded and histologically and imunohistologicaly analysed.
Anaesthesia and perioperative management
Prior to transportation, pigs were sedated (midazolam 0.5 mg/kg, atropine 0.02 mg/kg and ketamine 15 mg/kg intramuscularly). Thereafter, propofol (2 mg/kg intravenously) and sufentanil (0.5 mg/kg intavenously) were administered via the lateral ear vein for anaesthetization, and pigs were intubated and mechanically ventilated (Cato, Draeger) with 50-60 vol% oxygen. Anaesthesia was maintained by intravenous (V. jugularis externa) infusion of propofol (30-35 mg/kg/h) and sufentanil (0.5 mg/kg intravenously). Propofol was reduced to 25 mg/kg/h during the hypothermia period. Fluid administration was realized by whole electrolyte solution (10 ml/kg/h). Arterial blood pressure was invasively measured in A. femoralis sinstra. Blood pressure, electrocardiography, body temperature, O 2 saturation and respiratory parameters were permanently monitored. Blood gases, pH and electrolyte concentrations in blood samples (ABL 90 flex, Radiometer) were measured at least every 30 min. Heart time volume and stroke volume were recorded by PICCO (Pulse Contour Cardiac Output; Pulson).
Surgical technique
Left lateral thoracotomy through the fourth intercostal space was followed by opening and retracting the pericardium. Arterial and venous cannulation were performed via the ascending aorta and the right atrium. Following initiation of CPB, animals were cooled to 28 C. At 28 C body temperature, cardioplegia (Custodiol 30 ml/kg) was applied, and circulatory arrest was maintained for 60 min. ASCP (10-15 ml/kg/min, 18-22 C) was instituted in all animals through the truncus bucaroticus. After the aortic arch was opened, the diameter of the descending aorta was controlled with a sizer (range: 18-20 mm) and an E-vita Open hybrid stent graft (Jotec, Hechingen, Germany) with a stent graft diameter of 20 mm and 150 mm length (FET group) or cET with a diameter of 20 mm and 100 mm length (cET group) were implanted. The patency of the implanted stent graft or the prosthesis was checked by the introduction of a 16-mm sizer in order to avoid the constriction or collapse of the grafts, with the descending aorta vented during circulatory arrest. The guide wire was used antegradely in all animals during FET implantation, while the cET was implemented by the use of Hemashield prosthesis. The distal anastomosis was established directly behind the subclavian artery in both groups. The prosthesis (cET group) and the stent graft part with residual 1 cm prosthesis of FET group, respectively, was fixed with an additional circular suture line in the descending aorta to prevent endoleak. Circulatory arrest time stopped when the aortic clamp was released, CPB was weaned and pigs were warmed to 37 C. The animals were sacrificed after 6 h of reperfusion.
Microsphere injection
Blue-, green-, red-and scarlet-fluorescing FluoSphere V R polystyrene 15 mm microspheres were obtained from Thermo Fisher (Waltham, MA, USA). Commercial stock suspensions of microspheres were vortexed for 3 min and sonicated for 5 min prior to infusion. Microspheres (5 x 10 6 ) were injected in the left atrium at 4 time points: (i) before CPB, (ii) after 1 h, (iii) after 3 h, and (iv) after 6 h following reperfusion. The injection of microspheres was followed by a 5-ml flush of 0.3% sodium chloride-Tween. Microspheres and the sodium chloride flush were injected within 15-20 s. 
Sample collection
Following microsphere injection, a reference blood sample was withdrawn continuously for 180 s from the arteria illiaca communis. A Teflon catheter, glass syringes and glass tubes were used to prevent the attachment of microspheres. Spinal cord harvesting was performed at the end of the experiment whereby each segment of the spinal cord was prepared, weighed, separated into 2 parts (1 part in 4% formalin-phosphate-buffered saline and 1 part for freezing) and stored in glass containers. Blood and tissue samples were frozen at -80 C until analysis.
Microsphere quantification
Microspheres were quantified in all (n = 27) segments of the spinal cord as well as whole blood samples. Segments and whole blood samples were digested by adding 3 M potassium hydroxide for 72 h at 50 C. Samples were vortexed, sonicated for 15 min and filtered through 10-mm filter membranes (Pieper Filter GmbH, Bad Zwischenahn, Germany). The solid residue on the filter membranes dried overnight at 45 C. Cellusolve (Roth, Karlsruhe, Germany) was added twice to the filter membranes, followed by centrifugation at 2500xg for 2 min at room temperature. The mean fluorescence intensities of the different microspheres (blue: 365 nm, green: 450 nm, red: 580 nm and scarlet: 645 nm) in collected samples from each segment were measured using the Fluostar Optima (BMG Labtech, Ortenberg, Germany).
Histology and immunohistochemistry
Tissue specimen fixed in 4% formalin-phosphate-buffered saline were embedded in paraffin, with 5 mm sections of samples from the cranial (C4), the thoracic (TH1, TH7, TH12) and the lumbar regions stained with haematoxilin and eosin (H&E) as well as for hypoxia-inducible factor 1a (HIF-1a), poly-adenosine diphosphate-ribose (PAR), apoptosis-inducing factor (AIF) and nitrotyrosine were performed. H&E staining sections were deparaffinized with xylene and rehydrated in 100%, 95%, 70%, 50% ethanol and distilled water before nuclei were stained with haemalaun solution (Merck Millipore, Darmstadt, Germany) and bluing with tap water. Sections were than treated with 0.1% hydrochloric acid, 0.25% Eosin G (both from Merck Millipore) and water followed by dehydration with 70%, 95% and 100% ethanol and xylene.
Immunohistochemically staining for HIF-1a, PAR, AIF and nitrotyrosine required deparaffinization with xylene and rehydration in 100%, 96%, 70% ethanol and distilled water before tissue sections were equilibrated for 10 min in Tris-buffered saline (50 mM Tris-hydrogen chloride, 150 mM sodium chloride, pH 7.6). Antigen demasking was achieved by boiling tissue sections for 30 min in 0.01 M sodium citrate (pH 6.0). After washing with Tris-buffered saline, peroxidase activity was blocked with 0.5% hydrogen peroxide and incubated with 4% milk (Carl Roth, Karlsruhe, Germany) in Tris-buffered saline for 60 min at room temperature. Primary antibodies were incubated over night at 4 C. Sections were washed 3 times the next day and incubated for 1 h with the rabbit anti-goat-peroxidase antibody (Sigma Aldrich, Taufkirchen, Germany). Positive antibody staining was developed by incubating the sections with 3-amino-9-ethylcarbazole (AEC; Dako, Hamburg, Germany). Sections were covered with mounting medium and coverslips. Histological sections were analysed using Axioplan 2 microscope and AxioVision software (both Carl Zeiss, Jena, Germany). The analysis of H&E-stained tissue sections was performed using the Kleinman score as described previously [7] .
Statistical analysis
Statistical analysis was performed with SPSS 23.0 (IBM Inc., Armonk, NY, USA). Time-dependent changes of haemodynamic and blood parameters were analysed by general linear model for repeated measures. The baseline measurement was set as the reference. Differences between the groups were analysed by twoway analysis of variance, which included the Levene's test to assess the equality of variances. In case of variance inequality, the Welch test was performed for global testing and the Dunnett's T3 method for the post hoc algorithms. In case of equal variances, data were analysed with the Scheffe's post hoc test. Data are represented as mean ± standard deviation, unless stated otherwise. P-values of significance were P < _ 0.05.
RESULTS
Two pigs of FET and cET died during the experiment due to low cardiac output and were excluded from the analysis. The remaining animals (n = 12) showed comparable metabolical and haemodynamic values without significant differences (Table 1) .
Spinal cord blood flow
Initially, SCBF in FET decreased significantly from 0.13 ± 0.03 ml/ min/g to 0.05 ± 0.02 ml/min/g (P = 0.047). After 3 h of reperfusion, SCBF increased (0.09 ± 0.01 ml/min/g) and was comparable to baseline. However, during the following 3 h of reperfusion, the SCBF decreased again to 0.05 ± 0.02 ml/min/g (Fig. 2C) . The changes of SCBF in cET group were comparable to FET group (baseline: 0.16 ± 0.04 ml/min/g, 1 h reperfusion: 0.02 ± 0.01 ml/ min/g, 3 h reperfusion: 0.03 ± 0.01 ml/min/g, 6 h reperfusion: 0.02 ± 0.01 ml/min/g, P = 0.019) (Fig. 2A) . Furthermore, SCBF was comparable in cervical, thoracic and lumbar segments of both groups. In FET group, the baseline SCBF was 0.13 ± 0.03 ml/min/g (cranial), 0.15 ± 0.04 ml/min/g (thoracic), 0.12 ± 0.03 ml/min/g (lumbar), while after 1 h of reperfusion it was 0.05 ± 0.01 ml/min/g (cranial), 0.04 ± 0.01 ml/min/g (thoracic), 0.04 ± 0.01 ml/min/g (lumbar). After 3 h of reperfusion, the blood flow increased to 0.11 ± 0.02 ml/ min/g (cranial), 0.08 ± 0.01 ml/min/g (thoracic), 0.08 ± 0.01 ml/min/ g (lumbar) and was comparable to the baseline blood flow. However, SCBF decreased again during the next 3 h of reperfusion (0.06 ± 0.02 ml/min/g (cranial), 0.06 ± 0.03 ml/min/g (thoracic), 0.04 ± 0.02 ml/min/g (lumbar) (Fig. 2D) . In cET group, the blood flow changes were comparable to the changes in the FET group (Fig. 2B ).
Histological changes in the spinal cord
According to the Kleinman Score, the histological examination (H&E staining) showed a high grade of tissue destruction in all spinal cord segments following FET and cET surgery (6.7 ± 0.3 vs 6.8 ± 03, respectively), whereas control pigs showed intact or lowgrade effects in the spinal cord. No significant differences were observed between the segments of FET-and cET-treated animals. 
Oxidative stress and apoptosis in the spinal cord
Oxidative stress and its effects were analysed by immunostaining of HIF-1a and nitrotyrosine in selected spinal cord segments. While the percentage of HIF-1a-positive nuclei neither changed in the different spinal cord segments nor differed between cET and FET (Fig. 3A) , a higher percentage of nitrotyrosine-positive cells was detected in the spinal cord of cET-treated animals in cervical, thoracic and lumbar segments (C4, P = 0.001; TH1, P = 0.002; TH7, P = 0.057; TH12, P < 0.001; L3, P = 0.006) (Fig. 3B) . Apoptosis was investigated by immunostaining of PAR and AIF. Animals receiving FET showed a lower percentage of PAR-positive cells in their spinal cord segments than cET-treated animals, while the difference between cET and FET was significant in cranial segments (FET: 19.2 ± 14.4%, cET: 52.5 ± 15.5%, P = 0.009) (Fig. 3C) . The expression of AIF in the spinal cord of cET-and FET-treated animals was comparable between both groups as well as cervical, thoracic and lumbar spinal cord segments (Fig. 3D) .
DISCUSSION
Since the initial clinical reports of 2003 [8] , the FET technique was introduced in clinical practice for treating patients with chronic aortic aneurysm, acute [4] or chronic type A and type B aortic dissection [2, 9] . The postoperative data showed good results with acceptable mortality and low rates of neurological complications compared with patients operated with cET technique [3] . There seems to remain an ostensible difference in the incidence of spinal cord injury between the 2 surgical techniques of FET and cET, with recent reports suggesting the incidence of these dramatic complications is 7-9% in patients with FET [3, 10, 11] compared to 0.4-2.8% in patients with cET [12, 13] .
The implantation of hybrid stent graft (FET) can influence the blood flow of spinal cord. The Griepp's group investigated their concept of the collateral network in animal trials and showed that blood flow into the spinal cord arteries occured from segmental/intersegmental arteries, subclavian and iliac arteries [7] . These inflow pathways can be influenced due to circulatory arrest and hybrid stent graft implantation. The subclavian and iliac arteries are temporarily not perfused during circulatory arrest, while the perfusion of segmental artery can be permanently restricted by stent graft implantation. The explanation for how the hybrid stent graft actually affected the SCBF is not clear. This background has led us to evaluate the changes in spinal cord perfusion during and after aortic arch surgery with circulatory arrest in an acute pig model. The surgery was performed in accordance with our standard surgical protocol for human care, including the usage of antegrade selective cerebral protection and venting of descending aorta during circulatory arrest. In modern aortic surgery, the body core temperature increases significantly during circulatory arrest [14] . Therefore, the body core temperature during circulatory arrest was set to 28 C in our animal study. In addition, in a previous study, we observed a negative influence when body temperature increased beyond 28 C on the development of spinal cord injury [5] . The length of circulatory arrest was extended up to 60 min in accordance with the publication of Strauch et al., with these authors showing that permanent paraplegia by mild hypothermia occurred by more than 60 min of circulatory arrest [15] .
Spinal cord blood flow
The SCBF was previously evaluated in animal trials in which the hybrid graft implantation was simulated by clipping of supradiaphragmatic thoracic segmental arteries. A significant decrease of SCBF was observed in all segments of the spinal cord during circulatory arrest. After 2 h of reperfusion, hyperperfusion phenomena was observed in all animals, but in the clipped group, the hyperperfusion was clearly less compared with the non-clipped animals [16] . Similar changes were observed in the present study. Initially, the SCBF decreased significantly. In the FET group, SCBF reduced to 35% of the baseline value after 1 h of reperfusion and increased to baseline SCBF level after 3 h of reperfusion. Thereafter, however, SCBF decreased again due to reperfusion oedema. Similar changes of SCBF were also observed in the cET group during the observation time.
In FET group, the partial or total occlusion of segmental arteries caused by stent implantation did not lead to the regional differences in SCBF. Owing to the pig's anatomy, the distal landing zone of the hybrid graft in our animals was T7-T9. In spite of this relatively low position of the stent graft, the SCBF lumbar region was comparable to SCBF of cervical and thoracic segments during the whole time of the experiment. This reflection can be supported by data from clinical studies from the EVITA Open Registry, which reported a significantly increased incidence of permanent paraplegia in patients with a distal landing zone of hybrid stent graft lower than T10 [3] . In the cET group, the SCBF was similar in cervical, thoracic and lumbar regions of the spinal cord. Especially in the lumbar region, SCBF can be determined by different perfusion strategies. Haldenwang and colleagues showed a positive impact of low body perfusion with ASCP during circulatory arrest compared with isolated ASCP. The authors observed a significant reduction of functional and structural spinal cord damage by animals with low body perfusion [17] . In our study, we performed only ASCP. The impact of different perfusion strategies such as low body and subclavian artery perfusion using hybrid stent graft prosthesis should be evaluated in future studies.
Ischaemia and apoptosis
Ischaemia-induced necrosis determined by histological examinations was comparable in both groups. In comparison with previous reports on porcine aortic surgery models [17] , the ischaemic damage is slightly higher due to the spinal cord harvesting time, which was increased due to the larger size of the animals. In contrast to previously published studies, the ischaemia-induced necrosis was not increased in the lumbar region [16] . Hypoperfusion and hypoxia-induced oxidative stress induced the generation of reactive oxygen species [18] and reactive nitrogen species [19] . Because reactive oxygen species production results in HIF-1a activation and promotes HIF-1a expression [18] and reactive nitrogen species generation causes nitrotyrosine production [20] , immunostaining of the markers HIF-1a and nitrotyrosine display different cellular responses to ischaemic conditions that are leading to oxidative stress. The present results showed that hypoxia-induced HIF-1a translocation into the nucleus did not differ between both groups, but cET surgery induced nitrosative stress to a higher degree than FET surgery.
Following spinal cord ischaemia, neurons and glial cells may remain viable but are at risk of dying during reperfusion [21] . The 2 apoptosis markers AIF and PAR were analysed to quantify cells with apoptotic events. AIF is a caspase-independent death factor that triggers chromatin condensation and DNA fragmentation in the cells, thereby contributing to the induction of apoptosis [22] .
Because PAR is upregulated after DNA breaks and the PAR polymer induces AIF release from the mitochondria, this molecule has been quantified additionally in the spinal cord [22] . In our study, PAR expression was up-regulated in cET, while AIF expression was comparable in both groups. Therefore, it has been hypothesized that DNA damage was higher in cET surgery than in FET surgery by tendency, but the follow-up period was too short to detect differences in the AIF expression. Further experimental designs should take these observations into account and should investigate the middle term (24-72 h) and the long-term (3-7 days) effects of both surgical interventions.
Study limitations
The current study had several limitations. Firstly, electrophysiological investigations such as transcranial motor-evoked potential were not performed. However, the present study included a comprehensive description of SCBF and histological investigations of the spinal cord regarding hypoxia-induced damage, apoptosis and histopathological changes. Secondly, study results were generated in an animal model, and these results cannot be fully transferred into the clinic. However, the anatomy of pigs is similar to the anatomy of humans, which has been demonstrated previously. Thirdly, investigations on apoptosis and hypoxiainduced effects were performed at 6 h of reperfusion. This time is adequate to detect the induction of changes in gene expression, molecule translocation and early apoptotic processes, but further effects based on these early processes may manifest at later time points following cET and FET surgery. Therefore, a chronic animal model would help to understand to what extent these early processes are leading to neurological deficiencies.
CONCLUSION
The SCBF changed significantly during extensive aortic arch surgery with circulatory arrest and moderate hypothermia. The changes of SCBF are comparable between the FET and cET group. The implantation of hybrid stent graft failed to influence SCBF in thoracic and lumbar segments of the spinal cord. The immunohistological examination showed no differences between cET and FET regarding ischaemic damage and hypoxia-induced effects in spinal cord segments.
